The interannual variability of West African jet streams and their association with rainfall are reexamined using European Reanalysis ERA-Interim 1979-2011. The objective of the study is to characterize their climatology and role in rainfall variability in western Sahel. Wavelet analysis was used on wind speed data and implications to ENSO were discussed subsequently. Our results show that while the low-level African Westerly Jet (AWJ) correlates well with rainfall south of the equator in boreal winter months, the Tropical Easterly Jet (TEJ) and African Easterly Jet (AEJ) correlate better with rainfall north of the equator in the boreal summer months. Results of interannual-to-decadal variability in 200 mb, 600 mb, and 850 mb of zonal wind reveal that there is enhanced variability in the 2-8 year band. Also, the TEJ, AEJ, and AWJ fluctuations are coupled with variations in southern oscillation. Further analysis suggests a statistically significant association between TEJ and the El Niño events of the 1980s that led to intense drought in the Sahel region of West Africa. The 2007 moderate La Niña shows a statistically significant coherence with the 500 mb, 600 mb, and 850 mb jets. These associations are also phase locked, suggesting that the association may be more than by chance.
Introduction
The Sahel region in West Africa is characterized by severe drought and a sharp decrease in rainfall from equatorial West Africa to the southern edge of the Sahara desert ( Figure 1 ). Over the past three decades, studies on the possible causes of drought in Sahel have either focused on forcing by sea surface temperature (SST) [1] or land-atmosphere interaction [2] . Simulations of the hydrological impact of land surface processes studies include Charney [3] YongKang Xue and Shukla [4] , Taylor et al. [2] , and Li et al. [5] , which all attributed reduced rainfall to degradation of land surface at least in part. As the forest and shrubs are cleared and burnt prior to cultivation, the vegetation that absorbs incoming solar radiation is removed with a resultant increase in albedo. According to Charney [3] , land cover with elevated albedo has a more stable air column, which suppresses precipitation unlike surrounding areas. This mechanism is extended leading to self-stabilization of desert in the Sahel region [3] . The contribution of these mechanisms has however been overstressed [6] especially the characterization of desertification in the Sahel as irreversible. Subsequently, Eklundh and Olsson [7] , Polgreen [8] , and Herrmann et al. [9] have all confirmed recent greening in Sahel. Their studies show that vegetation under stress due to inadequate rain can recover quickly with improved precipitation.
There have also been several studies that examined the teleconnection between rainfall variability in Sahel and variation in global sea surface temperature (SST) [1] . While it has been accepted that SST patterns play a significant role in rainfall variability in West Africa [1, [10] [11] [12] , there is still a debate regarding the major drivers [13] . Several reports have found that regional circulation patterns forced by SST of the North Atlantic have more influence on the local climate in the Sahel region [1, [14] [15] [16] [17] than changes in land use.
In addition to the above teleconnection, the role of the Mediterranean [18] as having a strong influence on precipitation across the Sahel has been reported. On the other hand, the influence of the Indian Ocean on both Sahel rainfall and Indian monsoon has also been suggested [19] . Studies 2 Advances in Meteorology on the role of El Niño Southern Oscillation (ENSO) events and Pacific index in modulating Sahel precipitation include those of Rowell [20] , Caminade and Terray [21] , and Joly et al. [22] . One of the conclusions that came out of these multiple studies is that the interannual to decadal variability in precipitation over West Africa is controlled by competing physical mechanisms [23] . These physical mechanisms have been summarized by Caminade and Terray [21] into two broad conditions; (1) those that enhance precipitationpositive (negative) SST anomalies north (south) of equator, as increased water vapor holding capacity, and La Nina eventand (2) conditions that are less favorable to precipitation such as negative (positive) SST anomalies north (south) of equator and El Nino events.
Recently, the strong link between Sahel region and West African monsoon-the precursor to most of its rainfallhas been reexamined [24] [25] [26] . Of particular importance are the shortcomings of the classical picture of the West African monsoon and the association of the rainfall to the Intertropical Convergence Zone (ITCZ). Some of these shortcomings include the association of rainfall with the convergence of southwest monsoonal flow and the northeasterly Harmattan wind with the increasing movement of deep moist layer equator-ward from the ITCZ [27, 28] . This concept is, however, less likely because it originates from the Hadley circulation cell which is valid over the ocean [25] and describes the global mean state rather than regional [13] . Also, the association of ITCZ to several variables (surface pressure, wind convergence, and rainfall) makes its use in characterizing the West African monsoon ambiguous. Following the discussion, the classical picture of the West African monsoon has been revised and ITCZ is interchangeably being used with "tropical rainbelt" [24] and "rain band" [25] . The revised picture of West African monsoon is pointing to a diminished importance of ITCZ in controlling precipitation while emphasizing the role of African easterly jet (AEJ), tropical easterly jet (TEJ), and low level westerlies as some of the main tropical circulation features in the region [24] [25] [26] . Despite these advances on the possible causes and trends of persistent drought in the Sahel region, there are still projection uncertainties and models cannot reliably predict future climates in the region [10, 12] . This led to a large spread in projections [27, 28] . This is partly due to the complexity in dynamics from the AEJ to TEJ, which makes prediction of precipitation difficult [29] . To better simulate the West African monsoon and improve in precipitation projection, a good understanding of the complexity of the West African monsoon dynamics is vital.
In this paper, we used the improved ECMWF-Interim reanalysis data 1979-2011 (hereafter referred to as ERAInterim) to provide further details on the annual to interannual variability of the West African jet streams. The objective of this first of two parts study is to represent more accurately the jet streams and characterize their climatology and role in rainfall variability in Sahel using ERA-Interim. This study differs from previous studies by applying wavelet statistical analysis to height versus time output of 200 mb, 500 mb, 600 mb, and 850 mb U-wind to study how the jet streams modulate precipitation with emphasis on the 2-8 year timescale typically associated with ENSO events. The organization of the paper is as follows. Section 2 describes the data and correlation methodology. Section 3 describes the results under annual cycle, interannual to multidecadal cycle, and jet stream association with ENSO. Summary and conclusions will be presented in Section 4.
Data and Methodology
The primary dataset used for this study was the ERAInterim reanalysis (1.5 ∘ × 1.5 ∘ resolution) [30] . This global reanalysis provides meteorological variables needed for a better understanding of West African monsoon circulation and precipitation. The ERA-Interim output data were used in this analysis because of the absence of detailed longterm observational wind data. According to Dee et al. [31] (2011), the ERA-Interim data assimilation system consists of a 12 hourly 4D-Var of the upper-air atmospheric state. In regions where observations are sparse, like the Sahel region in the study domain, the ability of ERA-Interim's data assimilation system to exploit physical information implicit in the model equations can be advantageous [31] . The 4D-Var in ERA-Interim has been shown to outperform 3D-Var of ERA-40 in such situations [32, 33] .
Ancillary data used in this work also includes the Global Precipitation Climatology Project (GPCP; World Climate Research Program 1990), a one-degree daily estimate of precipitation. The GPCP data (merged from satellite and a gauge observation) is an excellent validation for precipitation produced by models [34] .
This study is focused primarily on the West African monsoon circulation and rainfall. We, therefore, examined the latitude-month variations of zonal wind fields from reanalysis zonally averaged over the longitudinal domain 18 ∘ W-35 ∘ E to determine the spatial and temporal distribution of precipitation across the study domain. As part of the data preparation, we considered the different regional climatologies within the study domain and thus averaged the Advances in Meteorology 3 mean monthly values over a broad range to minimize effects that result from mesoscale phenomena following Liang and Wang [35] . Some of these mesoscale phenomena in the West African region include orographic effect, mesoscale convective systems, and dust storms. Jet streams (a multiscale nonstationary process) are nonstationary in nature with a variety of changes that could occur as it moves north and south with seasons with different localizations in time and frequency. The interannual variability of these jet streams with ENSO events was examined using wavelet analysis. This was achieved by decomposing jets time series into frequency space following the program developed by Torrence and Compo [36] and Grinsted et al. [37] .
The wavelet transform is given as
where ( ) is the mother wavelet defined by , the transition parameter corresponding to the position of the wavelet, and , the scale dilation parameter that determines the width of the wavelet. The variability of the dominant mode with time was determined using the Morlet wavelet with a wavenumber 0 = 6 as the mother wavelet. The choice of Morlet wavelet is based on its localization in time and frequency, making it a good tool in extracting features [37] . Information about the periodicity of the time series data can be extracted from the continuous wavelet transform (CWT). For details of the basic theory of CWT, see [36, 37] .
Result

Annual Cycle.
ERA-Interim rainfall data is not suitable for annual cycle studies since the model-derived precipitation is overly affected by model parameterization [38] . The GPCP rainfall data, which is a gauge satellite merged product, is used instead. We first characterize the rainfall climatology in the latitude-month variation, zonally averaged over the longitudinal domain 18 ∘ W-35 ∘ E ( Figure 2 ). Heavy rainfall occurs predominantly north of the equator while dry conditions are common south of the equator between June and September. Two characteristic rain-bands can also be identified. South of the equator, there is a distinct rainy season between the months of December through March. The second rain-band is north of the equator between 0 ∘ and 20
, there is a shot raining season-July to September-with mean rainfall of 4-6 mm/day ( Figure 2 ). This characteristic short raining season can lead to famine in drought years. Figure 3 shows the three major jets over the West African region, namely, the TEJ, AEJ, and LLJ focused on West African Jets (WAJ) in this study. The upper level Tropospheric Easterly Jet-TEJ-is most intense at 250 mb ( Figure 3 ∘ N with a secondary weaker eastern core (Figure 3(b) ). There is latitudinal variability in the structure of AEJ in agreement with Hall et al. [39] . Dezfuli and Nicholson [40] have described the merging of these two cores occasionally. The West African Jets (WAJ) appears as near surface wind in the order of 2 to 4 ms −1 (Figure 3(c) ). A detailed review of these jet streams can be found in Nicholson [13] . Figure 4 shows the seasonal cycle of zonal wind speed at the peak pressure levels of the jets. The AWJ are the equatorial westerlies described by Grist and Nicholson [41] with westerly speeds up to 2 to 4 m s −1 [13] . The WAJ are well developed in the months of May through October and June through September in the 1000 mb and 850 mb winds, respectively (Figures 4(a) and 4(b) ). Starting in May, the LLJs strengthen and migrate north during the seasonal march. It has its core near 9
∘ N in the month of August and is strongest at the 850 mb.
AEJ plays a role in generating African Easterly Waves, which contribute to West African monsoon precipitation [13, 42, 43] . The 600 hPa and 500 hPa are the midtropospheric pressure levels where AEJ reaches maximum wind speeds in boreal summer [43, 44] . As such, we analyzed the AEJ at the 600 hPa and 500 hPa (in wavelet analysis) levels. The AEJ is strong in the months of JJAS with mean speed in the order of 5 ms −1 (Figure 4(c) ). The wind speed decreases as it makes the seasonal march northwards through the Sahel region. The temperature gradient between the Atlantic Ocean to the south and the Sahara to the north [45] , Sahara high [46] , has been linked to the existence of AEJ with its intensification associated with moist processes [47] .
The TEJ core strengthens from May to September with maximum intensity during the regional raining seasonsummer months (JJAS) (Figure 4(d) ). During this period, there is minimal rainfall over the region north of latitude 20 ∘ N (Figure 2 ). Conversely in the same period south of latitude 10 ∘ N, there is east-west and north-south circulation believed to be associated with Hadley and Walker circulations, respectively. Starting from May, the tropical easterlies increase quickly as the jet stream moves northward. The jet is intense between latitude 13 ∘ N and 3 ∘ S in the months of June through September. There is also an eastward and westward spilt. This period corresponds to the JJA peak of ascending motion for vertical velocity (not shown). The meridional component of the TEJ may be playing an important role in rainbelt development over this region during the monsoon season by creating a convergence zone around the 200 mb [45] . In this zone, there is a convergence of moisture flux associated with a deep column of moist air (relative humidity of up to 80%) and a substantial vertical motion [25] . This results in a favorable environment for convection.
Interannual Cycle.
The interannual variability between wind circulation and rainfall was examined in this section.
The potential association between the interannual variability of wind and rainfall can be revealed by a correlation of their time series. To this end, the monthly mean of each calendar month was averaged from 1979 to 2011 for zonal wind. The computed wind-rainfall correlation was zonally averaged between longitudes 18 ∘ w and 35 ∘ E point by point in the time-latitude diagrams. The statistical significance of the results was assessed by applying Student's -test with a degree of freedom given by number of years minus 2 ( = 32 − 2). 250 mb upper tropospheric jet, there is a negative correlation with rainfall south of the equator except in the winter months of November to March. Between equator and latitude 10 ∘ N, there is a very good correlation between precipitation and wind for the months of June to October (Figure 5(a) ). On the other hand, the 500 mb zonal wind-rainfall associations show positive correlations south of equator from October to February (Figure 5(b) ). There is, however, a statistically significant negative correlation between latitude 8 ∘ -10 ∘ S from July to August. During June-September, rainfall association with wind shows a positive correlation in the Sahel region. The 600 mb AEJ produces a positive correlation pattern with rainfall over the Sahel region of West Africa between July and September ( Figure 5(c) ). From Figure 5(d) , it is evident that there is a strong positive relationship between LLJs and rainfall south of the equator between the months of December and May. This is, however, reversed from the months of June to September. We will examine the variability in the annual cycle of the jests for possible interannual to decadal variability and ENSO association using wavelet analysis in the next section. (Figure 7(b)(B) ). This is consistent with Grist and Nicholson [41] associating its development to wet years (1959-61). According to Grist and Nicholson [41] , the LLJs extend to midtroposphere and are in the order of 10 ms −1 in July-September of wet years. In dry years, however, it is almost nonexistent with winds shifting to easterly above the 850 mb.
The other significant signal can be seen at the 4-5 year period in the early 1990s for 250 mb and 500 mb ( Figures   6(a) (B) and 6(b)(B)) and 1984-1985 for 500 mb and 600 mb (Figures 7(a)(B) and 7(b)(B) ). Locally significant power can be seen between 4 and 8 years period from all the jets corresponding to a significant interannual oscillation observed in the late 1990s to 2000 (Figures 6 and 7, middle and bottom) . There are also two distinct peaks in the 2-8 year scale average corresponding to the two recent strong ENSO events (1982-83 and 1997-98) . The association between wind and ENSO is statistically significant at a 99% confidence interval for the 1997/1998 ENSO events. The interannual variability for the LLJ has a lower variance (0.018) for the ENSO year compared to 0.06 (500 mb and 600 mb) and 0.2 (250 mb). According to Chen and van Loon [48] , the warm phase of Pacific ENSO corresponds to weaker TEJ. The interdecadal variability is evident at scales of 16 and 32 years.
3.4.
Cross Wavelet, Coherency, and Phase. The association described in the preceding section is only suggestive of causality between ENSO and the variability of the jet streams. The next step is to expand these time series into frequency space by applying cross wavelet transform (XWT) as a band filter to the time series. This will help in finding localized periodicities and for feature extraction. The correlation and coherencies will thus be examined in this section. Cross wavelet transform will determine if these associations are merely coincidences by obtaining the frequency component of the jet variability as a function of time. Wavelet transform coherency (WTC) between two XWT will address the statistical significance of the coherences as well as confidence level against noise. In this analysis, we applied the 95% confidence level.
The XWT and WTC between tropospheric jets and ENSO are shown in Figures 8 and 9 . According to Torrence and Compo [36] , this is a representation of cross correlation between the variables as a function of time and frequency. The phase difference between the jets and ENSO is represented by the vectors while the locally significant power of the red noise spectrum at a significance level of = 0.1 is shown by the bold solid contour line [36] . The lighter black contour line is the cone of influence (COI) where edge effects are not negligible. The coherence power between two series is shown in the color code-red to blue (representing strong to weak, resp.).
The correlation analysis through XWT shows two weak bands that are statistically significant: (1) at the 2-year and (2) at 4-5 year periods localized at around 2008-2010 and 1983-1987, respectively (Figure 8(a) ). The coherency analysis through WCT (Figure 8(b) ) shows that the 250 mb tropospheric jet correlated highly with ENSO on the interannual scale at 2 bands: (1) 1-2 year and (2) 4-5 year period localized at 2004-2007 and around 1983 to 1997 years, respectively. There is an in-phase (antiphase) relationship between ENSO and tropospheric jets in the 4-5 year (2-year) periods. According to Grinsted et al. [37] , cause and effect relationship in XWT is indicated by phase lock oscillation. Since ENSO and 250 mb jet are in antiphase at the 1-2 year period, it is safe to conclude that ENSO mirrored TEJ during the 2007 strong La Nina year. The 1-2 year covariance is important as it corresponds to years of increasing precipitation across the study domain. Though the correlation at 4-5 year period is weak (Figure 8(a) ), the large region that is statistically significant at 95% confidence level in the WTC (Figure 8(b) ), however, suggests that the association is not by chance. However, because the oscillation is not phase locked, we can only speculate that there is a statistically significant association between the strong 1983-1987 ENSO events that led to intense drought in the Sahel region of West Africa and TEJ.
For the 500 mb jet, there is a statistically significant band (Figure 8(c) ) in the correlation at the 3-5 year period (Figure 8(d) ). This strong positive covariance between ENSO and 500 mb jet within the 1983-1987 ENSO events indicates a positive association. Also notice that the coherency at the 2-year period is phase locked and also corresponds to the 2007 strong La Nina year.
The 600 mb correlation analysis through XWT has only one band (6-year period) that is statistically significant (Figure 9(a) ). This 6 year periodicity has less significant power but phase is locked. As a result, we can only speculate a strong link between ENSO and AEJ. ENSO spectral coherence is very strong in 2 bands: (1) the 1-2 year period in 1997 and (2) the 1-2 year period around [2005] [2006] [2007] (Figure 9(c) ). These bands highlight an important capability of wavelet coherency in extracting features with minimal power, yet high coherency. The spectral coherency in the 4-5 year period localized around 1983-1990 is in-phase. The association between low-level jets (850 mb) and ENSO shows phase angles that are phase-locked in the 5-6 year period localized around 1986-1993 (Figure 9(b) ). The region that is statistically significant at a 95% confidence level in the WTC at the periodicity of 6-8 year period (Figure 9(d) ), however, suggests that the association is not by chance. The 2007 moderate La Niña year of 2007 shows a statistically significant coherence with ENSO in the 600 mb and 850 mb jets. These associations are also phase locked suggesting that the association is not by chance either (Figure 9(d) ).
These results support earlier reports of the role of ENSO in modulating Sahel rainfall [20, 22, 49, 50] . Tropical Easterly Jet (TEJ) has been reported to be weaker in the El Nino years [48] . An and Wang (2005) [51] also reported that the upper-level jet stream associated with ENSO mode intensified over the subtropical northeastern Pacific. Some unresolved issues concern the possible processes and physical mechanisms relating ENSO to jet streams that explain the rainfall anomalies in the western Sahel region.
Conclusions
In this study, we used ERA-Interim 1979-2011 dataset to (1) examine the latitude-month annual, interannual, and decadal variability in West African Jet streams between latitude 10 ∘ S and 20 ∘ N zonally averaged over the longitudinal domain 18W-34E, (2) to examine the climatologically, spatial, and temporal distribution of the correlation between 250 mb, 500 mb, 600 mb, and 850 mb zonal wind and precipitation, (3) to assess the linkages between synoptic-scale circulation and multidecadal variations in precipitation characteristics for the study domain, and (4) to explore the teleconnection patterns between ENSO and interannual to multidecadal variability in jet streams. We summarize our results as follows.
(1) The low-level African Westerly Jet (AWJ) correlates well with rainfall south of the equator in the winter month; the Tropical Easterly Jet (TEJ) and African Easterly Jet (AEJ) correlate better with rainfall north of the equator in the summer months. ( 2) The study also shows considerable multidecadal variability in the relationship between ENSO and troposheric jets. In addition, the interannual-to-decadal variability in 200 mb, 600 mb, and 850 mb of U wind reveals that there is enhanced variability in the 2-8 year period. This work is potentially interesting because of the implications for understanding the dynamical mechanisms driving precipitation variability over Tropical Africa and their connection with remote processes, for example, the ENSO impact on large scale circulation and jet streams. Advancing the understanding of variability in rainfall and climate forcing in this region could therefore improve the accuracy of rainfall forecast and estimation. With the establishment of a statistically significant relationship between ENSO and jet streams in West African Sahel, Characterization of ENSO effect atmospheric dynamics at the microclimate scale in Sahel regionwill be explored next.
